This paper looks at a novel way to teach Programmable Logic Controls via N-Scale Model trains. Many electric machinery courses have a component that covers Programmable Logic Controllers (PLCs), since they are widely used in industry to control motors and provide supervisory control for variable speed drives. A problem with teaching PLCs is that they are used to control large and usually very expensive equipment. This makes developing a realistic laboratory experience very difficult. Most labs consist of toggle switches and pushbuttons for inputs and lamps for output. More elaborate process control systems are available from several lab equipment manufacturers, but these systems are expensive and the students sometimes have difficulty understanding the process they are trying to control. Several years ago the author began using N-Scale model trains as the system being controlled. This provides a small and low cost system with the added benefit that the students immediately understand the proper operation. Optical sensors are placed around the track for position and speed control. The speed and direction of the train is set via an analog output from the PLC. Two track switches are also used to change the train from inner and outer loops. When combined with the existing toggle switches, pushbuttons, and lamps; this makes a realistic system for developing controls. If you add an operator interface panel, the students can develop full scale systems similar to those found in industry. This paper covers the materials used for the basic N-Scale layout and the additional hardware necessary to interface with the PLC. The inputs to the PLC are 120 V optical sensors, so no additional interfacing is needed. The outputs are one analog signal (a variable voltage) and four 120 V digital signals. All of these need to be modified. The PLC analog output does not provide enough current to drive the train, so a power op-amp circuit is used. The track switches require 18 V ac, so the 120 V outputs are used to control an 18 V supply via relays.
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The student response to using this system has been extremely positive. The system has been used by electrical, industrial, and mechanical engineering students, as well as by electrical and mechanical technology students. As a senior design project, the base system was expanded into an elaborate system with four optical sensors, two inductive proximity sensors, and a limit switch that could allow two trains to operate simultaneously. The system was also used for special project classes at the undergraduate and graduate level. The student feedback and learning assessments for all these cases is included in the paper.
Background
This paper discussed a novel way to approach the teaching of Programmable Logic Controllers (PLCs) via N-Scale Model trains. A problem with teaching PLCs is that they are generally used to control large and usually very expensive equipment. This makes developing a realistic laboratory experience very difficult. Most labs consist of toggle switches and pushbuttons for inputs and lamps for output. An example of this type of interface is shown in Figure 1 . While Page 26.1597.2 more elaborate process control systems are available from several lab equipment manufacturers, these systems are very expensive. An additional problem is that the students sometimes have difficult time understanding the process they are trying to control. In 2008 the author began using N-Scale model trains as the system being controlled. This provided a small and low cost system with the added benefit that the students immediately understood the proper operation.
The features of the system were (the first three items are shown in Figure 2 ):
 Optical sensors are placed around the track for position and speed control.  The speed and direction of the train is set via an analog output from the PLC.  Two track switches are also used to change the train from inner and outer loops.  An operator interface panel, so that the students can develop HMI systems similar to those found in industry. 
Track Voltage Controller
The input/output analog module on the PLC has a ±10 volt analog output that can provide at most 0.021 amperes 1 . This is not enough to drive the locomotive. Therefore, an interface must be used. The initial system used pulse-width modulation (PWM) to provide the driving voltage. This system is shown in Figure 3 . It was found that the motors on the locomotives would overheat after about an hour using this system. Through discussions with model railroading enthusiast, Dr. Russ Meier, it was learned that this problem had been known for some time NScale community. The PWM system was replaced with a high-voltage, high-current operational amplifier based system shown in Figure 4 . The parts list for the controller is given in Table 1 . 
Track Switching
The track switches, known as turnouts, are operated by two 18 volt AC coils. When one coil is energized the track is switched to the straight or through position. Energizing the opposite coil moves the switch to the turn or diverge position. Energizing both coils at once causes a damaging oscillation and buzzing sound. If either of the coils are energized for more the a few seconds the coils overheat and are permanently damaged. This gives a very realistic constraint for the students to design the system -the switching must be interlocked and timed so as to not damage the turnouts. Interposing relays are also used with the turnouts since the PLC outputs are 120 V. The interposing relays have 120 volt AC coils. The single-throw contacts are used to energize the turnouts via the 18 volt AC supply that came with N-Scale train set. The remote controlled turnouts are shown in Figure 5 and the interposing relay is shown in Figure 6 . 
Use in Student Projects
In addition to the traditional classroom, the system was also used for special project classes at the undergraduate and graduate level. An example of the system being used by a group of Mechanical Engineering students is given in Figure 7 .
Figure 7. N-Scale Train Used in Conjunction with a Robotic Arm by Mechanical Engineering Students
Senior Design Project
As a senior design project, the base system was expanded into an elaborate system with four optical sensors, two inductive proximity sensors, and a limit switch that could allow two trains to operate simultaneously. This expanded system is shown in Figure 8 .
Figure 8. Expanded System Developed as a Senior Design Project
Page 26.1597.6
Student Feedback and Learning Assessments
The initial student response to the system was very positive. The first class, in 2008, consisted of 17 students. Their comments of the project that utilized the system were universally positive, with more than one student stating that was the best course they had taken. The last class using this system, in 2013, was not as positive. Their complaints ranged from hardware failures to the level of difficulty of the project. As far as the lab hardware is concerned, the complaints were well-founded. The lab was using Windows 98™ vintage computers and five of the eight benches failed during the course of the term. The complaint about the project being too hard, impossible according to some, has more to do, I believe, with the academic maturity of the students. The project requirements were only changed slightly from year to year. But, in 2008 all of the students taking the course were senior standing, while in 2013 there were juniors and at least one sophomore taking the course. A formal project report on the project was due by Thursday at 5:00 pm of final exam week. The report requirements were given in exhaustive detail in the project handout and the grading metric for the report is shown in Figure 9 below.
Conclusions
The use of an N-Scale model train in the laboratory setting of a PLC course is a very effective tool. The student response, when the rest of the equipment in the laboratory was working correctly, was very positive. This is seen in the average student satisfaction of above 4.0 for those terms. The initial cost of the systems are very low, and most parts are available at your local hobby store. The only caveats are using the correct type of voltage controller (not PWM) and interposing relays for the track accessories (the switches).
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